Abstract
Mitochondria as Ca 2 + -storage organelles
Mitochondria provide energy, in the form of ATP, for many cellular processes via oxidative phosphorylation through the electron-transport chain and, in addition to energy production, mitochondria accumulate and release Ca 2 + [1] [2] [3] . Ca 2 + taken up in to mitochondria is buffered within the organelle, and isolated mitochondria possess a massive Ca 2 + -loading capacity with a buffer power of ∼ 10 000:1 (reviewed in [4, 5] ). Mitochondrial regulation of Ca 2 + is significant physiologically since changes in [Ca 2 + ] c (cytosolic Ca 2 + concentration) influence virtually every cell activity including contraction, transcription, cell movement, secretion, division and death.
Several routes of mitochondrial Ca 2 + uptake have been proposed. One, the MCU (mitochondrial Ca 2 + uniporter), is an inwardly rectifying Ru360-and Ruthenium Red-sensitive channel present on the IMM (inner mitochondrial membrane) [6] . The uniporter transports Ca 2 + into mitochondria using the driving force provided by mitochondrial membrane potential ( m = ∼ − 180 mV) itself which develops upon proton extrusion via the respiratory chain (reviewed in [3, 7] ). The MCU has two predicted transmembrane domains, the N-and C-termini are proposed to either both face the matrix or the space between the IMM and the OMM (outer mitochondrial membrane) [8, 9] . The MCU is also proposed to form oligomeric complexes in which the transmembrane domains come together to form a pore [8, 9] . The uniporter may be modulated by an accessory protein, MICU1 (mitochondrial Ca 2 + uptake 1), which either is involved in Ca 2 + binding or acts as a Ca 2 + sensor [10] . MICU1 contains two Ca 2 + -binding domains (EF-hands) and is required for mitochondrial Ca 2 + uptake to occur [8, 10] .
Key words: calcium uptake, local calcium signalling, mitochondrion, store organization, tether. An alternative route for mitochondrial Ca 2 + uptake is via a high-affinity Ca 2 + /H + exchanger (LetM1). Although initially thought to be a mitochondrial K + /H + exchanger [11, 12] [13] . The exchanger (LetM1) is present on the IMM, promotes electrogenic Ca 2 + uptake (1:1 exchange) and is Ruthenium Red-, Ru360-and CGP37157-sensitive.
UCPs (uncoupling proteins) 2 and 3 have also been proposed as candidate mitochondrial Ca 2 + -uptake transporters during Ca 2 + release from the internal Ca 2 + store [14] . However, this proposal has been questioned, as mitochondria from UCP2-and UCP3-knockout mice show unaltered Ca 2 + uptake when compared with control mice, and doublestranded RNA knockdown of UCPs did not affect [Ca 2 + ] mit in a Drosophila screen [13, 15] . Mitochondria-localized RyR (ryanodine receptor) type 1 has also been proposed to contribute to mitochondrial Ca 2 + uptake [16, 17] . However, this proposal has also been questioned, because, in electron micrographs, RyR did not localize to the IMM (e.g. [18] (Figure 1, III) to limit a negative-feedback effect of Ca 2 + on puffs [72] . Conversely, in Xenopus oocytes, Ca 2 + puffs tended to occur less frequently at sites where they were in close proximity to mitochondria than those further from the organelle, which suggests that the organelle limits a positive-feedback effect on puffs [90] . On the other hand, in HeLa cells, Ca 2 + puffs did not generate an increase in [Ca 2 + ] mit , presumably indicating that mitochondrial Ca 2 + uptake did not occur during Ca 2 + puffs in these cells [54] . The differences in the mitochondrial responses may reflect a variation in proximity between groups of mitochondria and InsP 3 R clusters and the number of active receptors within a cluster or location of InsP 3 Rs activated by different stimuli.
Mitochondrial Ca 2 + uptake may also occur during Ca 2 + sparks. The increase in [Ca 2 + ] mit in a single mitochondrion (Ca 2 + mark), was measured during a Ca 2 + spark in cardiac myotubes [91] . The Ca 2 + mark was longer in duration than the Ca 2 + spark, and, interestingly, not all sparks were colocalized with a Ca 2 + mark, indicating that only a subset of RyRs are close to sites of mitochondrial Ca 2 + uptake. Inhibition of mitochondrial Ca 2 + uptake increased the size, frequency and duration of Ca 2 + sparks, again suggesting that mitochondria evoke a negative-feedback regulation on RyR activity [91] .
Local mitochondrial Ca 2 + signalling and global cytosolic Ca 2 + responses
To date, the effect of mitochondrial Ca 2 + uptake on local or global cytosolic Ca 2 + responses has been examined by inhibiting Ca 2 + uptake of the entire mitochondrial complement. This experimental approach cannot differentiate between cell wide and local mitochondrial effects on Ca 2 + signalling. Mitochondria may operate as a structural or functional continuum, whereby inhibition of a small part or group of mitochondria affects the entire complement of the organelle. For example, depolarization of m in one small region propagated to other mitochondria via a lowconductance-mode opening of PTP [92, 93] . Depolarization of m initiated at the site of Ins(1,4,5)P 3 -mediated [Ca 2 + ] c increase and propagated through the cell to other mitochondria in the direction of travel of the Ca 2 + wave in cultured smooth muscle cells (Figure 2) . Alternatively, in other cells, mitochondria may function as individual entities with the activity at each mitochondrion regulated separately. Transient and reversible m depolarization, known as flickers, were observed in individual mitochondria in smooth muscle and astrocytes. These flickers occurred apparently randomly, with no obvious influence on the m of neighbouring mitochondria [70, 93, 94] . The results suggest that mitochondria may function as electrically independent entities. m flickers were either associated with an ER/SR Ca 2 + -dependence and regulated by antioxidants or were independent of these factors [70, 93, 94] . The advent of caged mitochondrial uncouplers has allowed for small groups of mitochondria in one part of the cell to be inhibited, while maintaining function of the rest of the mitochondrial complement, to examine the effects of local mitochondrial inhibition on both global and local cytosolic Ca 2 + events [95] . Caged AG10 is a membrane-impermeant mitochondrial uncoupler introduced via the patch pipette which is inactive until photolysed. Photolysis in small localized regions allows m depolarization of individual or small groups of mitochondria. It appears that m depolarization in one region does not affect m of other mitochondria throughout the cell in colonic smooth muscle, suggesting that mitochondria are functionally separate entities in these cells [95] (Figure 3) . The caged mitochondrial uncoupler will help to determine whether subpopulations of mitochondria can also influence both global and local Ca 2 + signalling events in spatially specific ways. For example, whereas inhibition of mitochondrial Ca 2 + uptake in a small region of the cell (using photolysis of caged AG10) had little effect on the [Ca 2 + ] c rise generated by plasma membrane depolarization, spontaneous and Ins(1,4,5)P 3 -evoked Ca 2 + waves were inhibited (Figure 3) .
In summary, mitochondria are energy-producing organelles that sequester Ca 
